We previously described temperature-dependent selective transmission of mitochondrial DNA (mtDNA) in heteroplasmic Drosophila melanogaster; artificially introduced foreign mtDNA derived from D. mauritiana was selectively transmitted to the next generation at 25 C. In the present study, we investigated whether selective transmission occurred in individual flies using sensitive ARMS-qPCR assay. The results showed the validity of the assay in detecting a heteroplasmic state and confirmed the temperature-dependent selective transmission of mtDNA in individual flies.
Because mitochondrial DNA (mtDNA) encodes crucial proteins for energy production within a cell, it is essential for cells to maintain mtDNA and transmit it to daughter cells without exception. However, the genetics of mitochondria, including the replication and transmission of mtDNA, has not been fully elucidated. One reason for this is that, in many organisms, only 1 type of mtDNA is detected by usual typing methods such as restriction fragment analysis. This situation is called homoplasmy. In contrast, heteroplasmic individuals carrying 2 or more types of mtDNA have been found in natural populations (Hauswirth and Laipis 1982 , Solignac et al. 1984 , Rand and Harrison 1986 , Matsuura et al. 1991a , Casane et al. 1994 . Heteroplasmic mtDNA provides useful markers that aid the understanding of the transmission mode of mtDNA. Using heteroplasmic individual Holstein cows, rapid and non-random segregation of mtDNA was shown (Hauswirth and Laipis 1982) . In contrast, heteroplasmic D. mauritiana found in a natural population showed an almost random mode of mtDNA inheritance (Solignac et al. 1984) . The difficulty in finding heteroplasmic organisms in natural populations has prevented a better understanding of mtDNA inheritance.
We previously developed heteroplasmic flies by germ-plasm transplantation. Using D. melanogaster (bw; e 11 ) as a recipient and D. mauritiana (g20) as a donor, we succeeded in producing heteroplasmic flies that possessed both bw; e 11 and g20 mtDNA (Matsuura et al. 1989) . These heteroplasmic fly lines exhibited an interesting characteristic: the temperature-dependent selective transmission of mtDNA to the next generation. That is, when these heteroplasmic lines were maintained at 25 C, the proportion of g20 mtDNA was increased, and they became homoplasmic after 15-20 generations. However, when maintained at 19 C, they became homoplasmic for bw; e 11 mtDNA (Matsuura et al. 1989 (Matsuura et al. , 1990 . In these studies, the proportions of g20 mtDNA were detected by HaeIII digestion using mtDNA extracted from 50-100 flies. Unfortunately, the transmission mode of mtDNA from a single female to her individual offspring was not directly investigated, partly due to technical difficulties.
In the present study, using recently developed sensitive amplification refractory mutation system quantitative PCR (ARMS-qPCR) (Bai and Wong 2004) , we attempted to determine proportions of heteroplasmic mtDNA within single female flies and their individual progeny. It was found that ARMS-qPCR effectively detected mtDNA heteroplasmy in an individual fly. The present results confirm that the temperature-dependent selective transmission we observed previously also occurs at the individual level.
Materials and methods

Fly lines
Heteroplasmic lines were newly established by germ-plasm transplantation as described previously (Fig. 1 , Matsuura et al. 1989) . The bw; e 11 strain of D. melanogaster was used as a recipient, and the g20 strain of D. mauritiana was used as a donor. Using females hatched from the eggs to which germ plasm was transferred, called founder females, isofemale lines were established as described previously (Matsuura et al. 1989) . The heteroplasmic state was examined by HaeIII digestion of mtDNA extracted from 50 or fewer progeny of a founder female. Heteroplasmic lines were maintained at 25 C or 19 C on standard Drosophila medium.
Measurement of the heteroplasmic state
Measurement of the heteroplasmic state in the mass: mtDNA was extracted from 50 or fewer adult females as described previously (Satta et al. 1987) . mtDNA was digested with HaeIII and separated on 0.8% agarose gels. The gels were stained with ethidium bromide, and the fluorescent intensities of each band were measured by the imaging analyzer LAS-3000 (FUJI FILM). The proportion of donor (g20)-derived mtDNA was estimated as described previously (Matsuura et al. 1989) .
Measurement of the heteroplasmic state in an individual fly: Total DNA was extracted from a single female fly as described previously (Roberts 1986) . To determine the proportion of donor-derived mtDNA in a single fly, real-time ARMS-qPCR assay was used (Bai and Wong 2004) . The primers for ARMSqPCR are F (uni): 5′-cgcctaaacttcagccacttaatc-3′, R (g20): 5′-aatgctccaggatgtcctaatagg-3′, and R (bw; e 11 ): 5′-aatgctccaggatgtcctaataga-3′. The F (uni) primer was used to amplify both donor-and recipient-derived mtDNA, and the R (g20) and R (bw; e 11 ) primers were for donor-and recipient-derived mtDNA, respectively. Each primer pair, F (uni)-R (g20) and F (uni)-R (bw; e 11 ), amplified only its target, though the PCR template DNA contained both donor-and recipient-derived mtDNA. Real-time PCR was performed in triplicate using a Power SYBR ® green PCR Master Mix (Applied Biosystems) and an Applied Biosystems 7300 according to the manufacturer s instructions. PCR fragments amplified 369 using primers QF: 5′-tgatatcattattgactataagacc-3′ and QR: 5′-gcatgtgcagttacaattac-3′, which bind both g20 and bw; e 11 mtDNA fragments containing the target site for ARMS-qPCR, were cloned into pGEM ® T-Easy Vector (Promega). The plasmid containing the PCR product amplified from g20 or bw; e 11 mtDNA was extracted with the E.Z.N.A. ® Plasmid Miniprep Kit I (Omega Bio-Tec), and was used to create calibration curves illustrating the relationship between the copy number of the fragment and cycle threshold values. The copy numbers of both donor-and recipient-derived mtDNA were estimated, and the proportion of donor-derived mtDNA was calculated.
Results and discussion
First, we confirmed that the method of ARMS-qPCR was appropriate compared with our previous method. Samples of mtDNA extracted from 50 females of both heteroplasmic and homoplasmic lines were analyzed with both ARMS-qPCR and HaeIII digestion patterns. The results of the 2 experiments were in agreement (Table 1) . Therefore, we decided to use the ARMS-qPCR assay to quantify the proportion of donor-derived mtDNA in individual flies. We then examined changes in the heteroplasmic state in newly established heteroplasmic lines using the D. mauritiana g20 strain as a donor and the D. melanogaster bw; e 11 strain as a recipient. Figure 2A shows the typical changes in the proportion of g20 mtDNA at 25 C and 19 C as examined by HaeIII digestion. In most lines, the proportion of g20 mtDNA increased and reached 100% (homoplasmic) after about 15 generations when maintained at 25 C. Conversely, it decreased and reached 0% (homoplasmic) when maintained at 19 C. However, we identified a line in which the proportion of g20 mtDNA remained at 50-60% at 19 C until the 15th generation (Fig. 2B) . A similar case was observed in our previous study (Matsuura et al. 1990 ). We divided the line in 2 at the 20th generation and maintained them at 25 C and 19 C. The proportion of g20 mtDNA increased gradually at 25 C and decreased at 19 C, but they did not become homoplasmic until about the 30th generation (Fig. 2B) . Next, we randomly sampled 10 females from the 31st generation of the line maintained at 25 C and transferred them individually into a new vial after 3-4 d of free mating. They were maintained at 25 C for 3-4 d to lay eggs, and total DNA was extracted from each female for ARMS-qPCR assay. The results showed that eight of the 10 flies were almost or completely homoplasmic, including 6 of the g20 (donor) and 2 of the bw; e 11 (recipient) flies (data not shown). Two females had both donor-and recipient-derived mtDNA (No. 1 had 69% and No. 2 had 32% g20 mtDNA). These results indicated that the heteroplasmic line could consist of heteroplasmic individuals, a mix of the 2 types of homoplasmic individuals, or both. In particular, the apparently heteroplasmic line maintained for many generations may contain homoplasmic individuals. In such lines, it is possible that the 2 types of mtDNA segregated into different individuals, and homoplasmic females had appeared during the maintenance of the line.
We further studied changes in the proportion of g20 mtDNA in progeny of the 2 individual heteroplasmic females. From the established isofemale lines, 10 females were sampled randomly in the next generation, and mtDNA was examined individually by the ARMS-qPCR assay after they laid eggs. Although the proportion of g20 mtDNA varied in the female progeny of No. 1 and No. 2, the average proportion (74.8%) increased significantly from that of the mother fly of No. 1 (69.1%) as examined by t-test (Table 2) . Three of the 10 females that showed relatively high, middle, or low proportions of g20 mtDNA were selected (No. 1: 2, 8, and 9 and No. 2: 1, 3, and 10, respectively); their offspring were analyzed in the same way. In each of the 6 cases, the average proportion in 8 to 10 progeny demonstrated a highly significant increase from that of their mother fly (Table 3) . These results confirmed that the temperature-dependent selective transmission of mtDNA we previously observed in the mass occurred at the individual level within 1 generation. That is, selective transmission observed in the mass might be resulted from the replication and/or transmission advantage of g20 mtDNA within individual flies, not from competition between individual flies.
As mentioned above, we previously suggested mtDNA replication preference as one of the factors influencing selective transmission (Matsuura et al. 1991b) . The replication mechanism of mtDNA in Drosophila is not fully understood. The replication origin of mtDNA in Drosophila has been shown to be in the control region called the A+T-rich region (Goddard and Wolstenholme 1978 , 1980 , Saito et al. 2005 . The entire sequence of D. melanogaster mtDNA, including the A+T-rich region, has been determined (Lewis et al. 1994) , and the complete sequence of the A+T-rich region of D. mauritiana was reported in our previous study (Sugihara et al. 2006) . The A+T-rich region of Drosophila has been found to consist of 3 types of elements: type I, type II, and T-stretch. D. melanogaster mtDNA contains 5 (Sugihara et al. 2006) . We previously suggested the possibility that type I elements contain a secondary structure that might be related to the termination of primary strand replication (Sugihara et al. 2006 ). The differences in the numbers or sequences in these elements could affect the preference of mtDNA replication under the nuclear genome of D. melanogaster, although more studies are necessary. Mitochondrial genetics has been studied mainly in the mouse, human, and yeast. However, the inheritance pattern of mtDNA in muticellular organisms is not yet understood. Drosophila is a useful model animal to study mitochondrial inheritance due to the short adult life span and availability of genetic and molecular tools, including the technique to induce heteroplasmy by germ-plasm transplantation. Furthermore, using the real-time ARMS-qPCR method, it is possible to easily detect the heteroplasmic state within individual flies.
Mitochondrial heteroplasmy relates to important issues such as human disease and aging. In mitochondrial diseases, the proportion of pathogenic mtDNA in an individual is a determinant of disease onset. Controlling the inheritance pattern of mtDNA and the heteroplasmic state of cells could lead to a functional therapy for mitochondrial disease. We believe that mitochondrial research using Drosophila would contribute to understanding these crucial problems concerning mitochondria, as well as to the future establishment of therapeutic treatments. Numbers within parentheses are % of g20 mtDNA in each mother fly.
